Background. e pedicle screw is one of the main tools used in spinal deformity correction surgery. Robotic and navigated surgeries are usually used, and they provide superior accuracy in pedicle screw placement than free-hand and fluoroscopy-guided techniques. However, their high cost and space limitation are problematic. We provide a new solution using 3D printing technology to facilitate spinal deformity surgery. Methods. A workflow was developed to assist spinal deformity surgery using 3D printing technology. e trajectory and profile of pedicle screws were determined on the image system by the surgical team. e engineering team designed drill templates based on the bony surface anatomy and the trajectory of pedicle screws. eir effectiveness and safety were evaluated during a preoperative simulation surgery. e surgery consisted in making a pilot hole through the drill template on a computed tomography-(CT-) based, full-scale 3D spine model for every planned segment. Somatosensory evoke potential (SSEP) and motor evoke potential (MEP) were used for intraoperative neurophysiological monitoring. Postoperative CT was obtained 6 months after the correction surgery to confirm the screw accuracy. Results. From July 2015 to November 2016, we performed 10 spinal deformity surgeries with 3D printing technology assistance. In total, 173 pedicle screws were implanted using drill templates. No notable change in SSEP and MEP or neurologic deficit was noted. Based on postoperative CT scans, the acceptable rate was 97.1% (168/173). We recorded twelve pedicle screws with medial breach, six with lateral breach, and five with inferior breach. Medial breach (12/23) was the main type of penetration. Lateral breach occurred mostly in the concave side (5/6). Most penetrations occurred above the T8 level (69.6%, 16/23). Conclusion. 3D printing technology provides an effective alternative for spinal deformity surgery when expensive medical equipment, such as intraoperative navigation and robotic systems, is unavailable.
Introduction
e pedicle screw is one of the most important tools in spinal deformity correction surgery [1] . However, the abnormal anatomy and pedicle morphology increase the difficulty in applying pedicle screws. e rotational deformities also make it more difficult to set the appropriate angle of pedicle screw and to determine the pedicle breach using fluoroscopy intraoperatively [2, 3] . A systematic review in 2012 reported that in studies using free-hand technique, the accuracy ranged from 69% to 94%; with the aid of fluoroscopy, it ranged from 28% to 85% [4] . In addition to inaccuracy, the wide range of variations in free-hand and fluoroscopy-guided techniques may affect the outcomes. Navigation and robot-guided surgery could be used to mitigate inaccuracy and high variation [4] [5] [6] . However, the high acquisition and maintenance costs of such equipment, as well as the spatial limitation of operating rooms and the need of multiple scans in long-segment surgery, limit the use of these techniques [5] .
We developed a technique to overcome the limitations of the aforementioned techniques. e technique employs 3D printing technology to assist in spinal deformity surgery and applies drill templates to increase the accuracy of pedicle screw placement. e causes of inaccurate placement with this technique were also analysed.
Materials and Methods

Manufacture of a Spine Model and a Drill Template.
To test the validity of 3D printing technology in treating spinal deformity, we designed a treatment protocol. Scoliosis patients who required surgical correction were enrolled. All patients received a whole spine CT (0.625-mm-thick slice) before surgery, and the Avizo software (FEI, Burlington, MA, USA) was used to generate a 3D model. A full-scale spine model was created using a 3D printer (Stratasys Connex3 Objet500) with some VeroClear (Stratasys, Eden Prairie, MN, USA) material. e trajectory, diameter, and length of the pedicle screws were planned on the image system Avizo software (Figure 1(a) ), and the drill template was designed on Geomagic Design X software based on the profiles of pedicle screw and the anatomic traits of certain levels (Figure 1(b) ). e drill template was created using a 3D printer (Stratasys Objet30 OrthoDesk) with MED610 material. e drill template comprised three parts, namely, a foot template, drilling cannula, and connecting bar (Figure 1(c) ). e patient-specific foot template can maintain close contact to the posterior surface of certain level. ree foot templates were designed to increase stability during the application of the drill. e connecting bar was to strengthen the rigidity of the drill template. e drilling cannula was a hallowed column with a 4.5 mm outer diameter and a 2.5 mm inner diameter, allowing a 2.5 mm drill bit to pass through.
Preoperative Simulation Surgery. A simulation surgery
was performed before the formal operation. Pilot holes were drilled on a full-scale spine model with the drill templates. All routes were directly visible (Figures 1(e) and 1(f )) and
were checked to verify their suitability. If necessary, the design of certain levels could be revised and retested. e whole spine model and drill templates were recreated and sterilised using an ethylene oxide sterilisation process after passing the examination.
Operation Procedure.
Patient-specific full-scale spine models were available as a reference during the operation. All patients received intraoperative neurophysiological monitoring, including somatosensory evoke potential (SSEP) and motor evoke potential (MEP). After all pilot holes were drilled using the drill templates, guide pins were inserted into the pilot holes and fluoroscopy confirmation was performed. Cannulated pedicle screws (Medtronic Longitude) were then positioned. All surgeries were performed by a spinal surgeon. A typical case is shown in Figure 2 .
Data Collection and Analysis.
Neurological symptoms and operation-related complications were assessed and recorded by a member of the surgical team. All patients received a whole spine CT 6 months after the surgery, and the CT scans were assessed by an orthopaedic surgeon outside the surgical team. e accuracy was defined according to the proportion of pedicle screws without any breach, and the acceptability was defined based on the proportion of pedicle screws with less than 2 mm breaches. Types of screw breach were categorized based on the direction of misplacement ( Figure 3 ). Statistical analyses were performed using SPSS. All p values were calculated through permutation tests.
Results
Between July 28, 2015, and November 29, 2016, 10 patients were treated using this protocol: six patients with adolescent idiopathic scoliosis (AIS), three patients with congenital scoliosis, and one patient with neuromuscular scoliosis. A total of 173 pedicle screws were placed using drill templates. No significant SSEP or MEP change was recorded intraoperatively, and no neurological symptoms were noted postoperatively. One patient had pneumothorax due to the correction of the deformity. No notable lateral breach or anterior breach was recorded on this patient (Tables 1 and 2 ). e accuracy ranged from 61.1% to 100% (mean: 86.7%, 150 out of 173 screws). e acceptability ranged from 88.4% to 100% (mean: 97.1%, 168 out of 173 screws). Most screw breaches were within 2 mm (Grade A, 18/23). Medial breach was the most common type (12/23) ( Table 3 ). e risk factors of pedicle screw breach were analysed. Pedicle screw placement above the T8 level had a significantly higher risk of breach than that below the T9 level (above T8: 17 screw breaches out of 59 screws; below T9: 6 screw breaches out of 114 screws. p value � 0.0001). In our study, lateral breach more often occurred on the concave side; inferior breach more often occurred on the convex side. However, there was no statistically significant difference ( Table 4 ).
Discussion
Based on our review, the 3D printed drill template provides higher accuracy, acceptability, and less variation than the free-hand technique and fluoroscopy-assisted method [4, 7] ( Table 5 ). It is comparable to the navigation method, without its high cost and spatial limitation. Yang et al. [8] compared those who use the 3D printing spine model for preoperative planning with those who did not. e spine model group showed less operation time and blood loss; meanwhile, the hospital cost was 4500 Ren Min Bi (RMB) higher than the control group in average. A systematic review in 2017 [9] concluded that the 3D model would be of extra cost between $300 and >$1,000, and it also revealed that 3D printing guides can offer a simple, convenient, low cost, and complex equipment-free way to improve the accuracy of pedicle screw placement. e manufacture of spine model and drill template can also be outsourced, like the applications of patient-specific instrumentation (PSI) in knee replacement. A randomized controlled trial [10] proved that PSI and single use instrumentation (SUI) is a cost-saving method for healthcare providers.
Causes of Inaccuracy.
According to our study, the major risk factor of inaccuracy is screw placement above the level of T8. e precision of the drill template relies on the extent of fitness to the bone surface [11, 12] . us, a higher-level spine with a smaller pedicle had less tolerance to soft tissue interposition between the foot process and bone surface [2, 13] . orough excision of the soft tissue beneath the foot template is crucial. Some of the pedicles in the concave side were even too narrow to accommodate the inserted screw. In addition, a smaller pedicle consists of a higher proportion of cortical bone [2, 14, 15] . A slow advance of the drill while maintaining high revolutions per minute is another method to prevent trajectory deviation.
O'Brien et al. [2] reported that rotational deformity, rather than a smaller pedicle size, compromises the accuracy of the pedicle screw placement in scoliotic spines, especially on the concave side. However, the data from our results did not support this assumption (Table 5 ). We observed that the use of a 3D model and drill templates partially mitigated the difficulty of pedicle screw placement caused by rotational deformity. Previous studies have also revealed that the use of a 3D model could minimise the surgical time, blood loss, and need for blood transfusion, as well as increasing the accuracy [8, 16, 17] . e entry point of a thoracic pedicle screw is usually on the slope of the transverse process [18, 19] . e drill tip may slide medially on the hard cortex surface while drilling, which may cause the medial shift of the entry point and increase the convergence, thus resulting in medial breach. e solution is to prepare the entry point by using a high-speed burr, thus exposing the cancellous bone and making the slope more even. ese recommendations enable the achievement of the planned trajectory. During the dissection of the concave side, the surgical field is deeper and more limited, and the remaining soft tissue may interpose between the drill template and the bone surface causing lateral breach [20] . is condition can be prevented by a thorough excision of soft tissue beneath the foot template of the drill template. While applying the pedicle screw, the trajectory may be interfered by rib and overlying tissue blockage, causing a decrease in the convergence and resulting in lateral breach, especially on the concave side of a torsional spine. Surgeons must maintain the original convergence when applying the pedicle screw, and they should remove the blocking rib and tissue accordingly.
According to our study, medial breach was the most common type of screw violation; lateral breach was more likely to occur on the concave side; and inferior breach was more common on the convex side. Nevertheless, these results were not statistically significant. Further studies based on a larger sample size and control group are necessary.
In addition to the technical errors encountered using the drill templates, the following factors caused inaccuracy: improper design, discontinuity of the CT scan, inaccuracy of the 3D image generation, and error from the 3D printing. In the case of improper design, for example, several minor errors may result in a substantial error when using multisegment drill templates. If the foot template is developed based on the facet joints or anatomies of different segments, the accuracy may be influenced when the patient is in different positions [7, 11, 12, 20] . Some anatomies were not suitable for the manufacture of drill templates because of their inapplicability (Figure 4(a) ). Because foot templates are the female die of the surface anatomy, they have a rough Table 2 : Details of instrumentation level, type, grading, and side of pedicle screw breach.
No . T3  T4  T5  T6  T7  T8 T9 T10 T11 T12 L1 L2  L3 L4 L5 S1  Total  1 MA 1LA, 3IA, 1IB  3  4  5 IA v 1IA 6 7
MB
Breach type: M: medial breach; L: lateral breach; I: inferior breach. Breach grading: A: <2 mm breach; B: ≥2 mm breach and <4 mm breach; C: ≥4 mm breach. c Concave side. v Convex side. Grey background: range of instrumentation. surface. Friction was observed when applying them. When a foot template is designed based on a spinous process, the angle is too sharp to apply the template (Figures 4(b) and 4(c)). Applying such template also requires removing the supraspinous and interspinous ligaments, and thus, it compromises the stability. A 3D image was generated from discontinuous CT images. inner CT slices can minimise the distortion. Errors might also occur during the 3D printing, which is difficult to prevent. erefore, a simulation surgery before the real surgery is essential.
Design Rationale.
ese 3D printing templates can guide the orientation and depth not only in drilling but also in the cutting and burring process [21] . Lu et al. [20] , Feng et al. [22] ,and Chen et al. [23] designed their template's undersurface as the inverse of spinous process, transverse process, and lamina, enabling a fit in a lock-and-key fashion. We have tried this fashion before and in our experience, it may improve the stability. However, the difficulty in applying the template would be a concern. e surgeon may have to press hard for the template to fit in, and sometimes, the thin template would break due to its limited elasticity. Sugawara et al. [24] designed their template in a spinousprocess-free fashion.
is type is easier to apply in our experience. Besides, their design consisted of three types of template, guiding the entry point marking, pilot hole drilling, and screw placement. Despite this, the extensive soft tissue dissection is still crucial to this design. Drill templates with a larger contact area can theoretically ensure higher precision, but they also require thorough excision of the soft tissue, which causes more damage and postpones the patient's recovery. Chen et al. [13] used a 2-foot-template design to minimise the dissection. However, the two-pointcontact design is less stable than the three-point-contact structure, and the short drilling cannula may compromise the accuracy of drilling. Berry et al. [11] used drill templates with three support points and a handle to stabilise the template. erefore, their design was relatively thick and bulky. Furthermore, Berry et al. [11] used DuraForm polyamide (3D Systems, Andover, MA, USA) as the drill template material, which does not deform after autoclaving. Our design consists of three small-contact-area foot templates, which are stabilised by three connecting bars. is design minimises the need of soft tissue dissection without compromising stability or accuracy. e low weight of the design and its transparent material also facilitate direct visual observation while drilling, enabling the surgeon to see whether the entry point is proper.
Conclusion
e use of 3D printing technology to assist spinal deformity surgery with drill templates provides high accuracy, acceptability, and consistency. It is a viable alternative method to navigation surgery.
